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Abstract. 
The Asian summer monsoon governs the very pulse of life on the whole continent. Understanding 
and predicting the variability of this monsoon is, therefore, extremely challenging for the well-
being of billions of people and the diverse flora and fauna inhabiting the Asian region. This Asian 
land mass is unique in the sense of its geographical distribution, where the observation by remote 
sensing techniques are essential. The lack of accurate measurements of atmospheric parameters 
over the oceans and other remote regions contributes greatly to the uncertainties in the initial state 
of weather over this region.   Meeting the ever-increasing demand of the atmospheric parameters 
over this landmass is a challenging task for researchers in the field of environmental remote 
sensing.  The science and applications that develop from space observing systems will have far-
reaching impact on mankind’s ability to sustain a vigorous and fruitful life in the Asian region.  
The Global Positioning System (GPS) is developing into a powerful source of information in this 
field of science with the application of the remote sensing techniques. In this study, a detailed 
analysis of the GPS METeorological parameters (GPS/MET) is carried out for the Asian summer 
monsoon period 2001 and March 2002. The results of the GPS/MET quality are described in detail 
in comparison to other source of meteorological parameters. 
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INTRODUCTION 
The Asian land mass is unique in the sense of its geographical distribution of 
oceans, forests, mountains, valleys, deserts, etc. The advent of remote sensing 
technique has added new dimensions to the study this distribution in depth. In 
recent years, there has been a substantial increase in the understanding of this 
unique landmass by the use of remote sensing techniques.  
The implementation of the GPS network of satellites with the development of 
small, high-performance instruments to receive GPS signals have created the 
opportunities for active remote sounding of the earth’s atmosphere by radio 
occultation at comparatively low cost.  With the development of the GPS satellite 
network, it becomes possible to measure precipitable water vapor, accurate 
temperature, pressure, etc using radio occultation. Since the first launch of 
GPS/MET instrument package, namely receiver, a major goal has been to 
demonstrate the potential value of these GPS radio occultation measurements in 
numerical weather analysis and prediction. Many studies have revealed that the 
quality of the GPS/MET retrieved temperature/moisture measurements as 
compared to other types of data, such as operational global analysis, radio-sondes 
and satellite data (Ware et al., 1996; Kursinski et al., 1995, 1996; Rocken et al, 
1997; Kuo et al., 1998) is reasonably good. These detailed studies suggest that 
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 GPS/MET occultation measurements are accurate and have the potential to be 
useful in numerical weather prediction and climate studies.  
 
BACKGROUND OF THE GPS OBSERVATION 
Detailed numerical weather prediction requires observational data of good quality 
and of high spatial/temporal resolution. Due to various limitations, important 
variables such as tropospheric water vapor are often inadequately covered by 
conventional observations from radio-sondes or by meteorological satellites 
systems. The GPS is developing into a powerful tool for the moisture content for 
use in fine-scale regional models and the global models.    Recent years have seen 
great advances in GPS meteorology and related fields. The GPS was developed 
by the United States Department of Defense primarily for military uses. It consists 
of 24 GPS satellites that are evenly distributed in six orbit planes around the earth. 
The altitude of each GPS satellite is 20200 km. Almost all the Low Earth Orbiting 
(LEO) satellites are at about 750 km altitude. Each GPS satellite is equipped with 
a transmitter with highly stable frequency. The GPS receiver can be located  (i) on 
the LEO satellite (ii) at the earth stations to transmit data ranging from 1.2 to 1.6 
GHz (L-band signals) to ground-based or space-based receivers. Basically the 
GPS system measures time delays between the transmission and reception of the 
electromagnetic signals. During an occultation, the satellites move in such a way 
that the electromagnetic ray connecting them traverses the atmosphere.   
The receivers are also located on the ground. Geographical Survey Institute (GSI), 
Japan, established GPS Observation NETwork called GEONET with about 1000 
GPS ground stations spread over its territory. Back in 1997, Japan launched a 
GPS project, an application of precipitable water from a nationwide GPS array 
(GEONET) for data assimilation in Numerical Weather Prediction (NWP), and an 
improvement of geodetic accuracy of GPS based on NWP database. Today the 
Japanese GEONET, which consists of more than 1200 GPS permanent stations, is 
one of the largest GPS networks of the world. The details of the GPS project over 
this East Asian region, is given in Table-1. In addition, there are a few on-going 
assessments of prototype missions available for us-namely GPS/MET, the 
German Challenging Minisatellite Payload (CHAMP), and Argentine SAC-C. 
Some of the developed operational missions are Constellation of Observing 
System for Meteorology, Ionosphere, and Climate (COSMIC), METOP/GRAS, 
NPOESS/GPSOS.  GPS ground measurements are the only means to obtain 
integrated precipitable water vapor values under all weather conditions.  
The GEONET database offers datasets with high spatial resolution and a very 
dense time scale. The data from June to September, 2001 & March 2002 are 
obtained from the web page of the Chiba University for this study. This database 
contains the following meteorological parameters: (i) Zenith Total Delay (ZTD), 
(ii) Precipitable Water Vapor (PWV), (iii) water vapor mixing ratio (q), (iv) 
Relative Humidity (RH), (v) precipitation, (vi)air pressure, (vii) air temperature, 
(viii) zonal component of wind, and (ix) vertical component of wind. The 
parameters are analyzed and the accuracy of these GPS/MET parameters is 
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 statistically examined in this study. For this study a 3 dimensional Spectral 
Statistical Interpolation (SSI) weather analysis scheme is used. The detailed 
explanation of this spectral statistical analysis technique is given below.  
 
UNIQUE FEATURES OF GPS RADIO OCCULTATION  
Some important features of GPS RO are (i) Highly accurate averaged temperature 
profiles with an accuracy of up to 0.1° K (ii) assured long-term stability (ii) all-
weather operations (iii) global 3-dimensional coverage (iv) high vertical 
resolution (less than 100 m) in the lower troposphere (v) independent of height, 
pressure, and temperature (vi) the GPS RO instrument is very compact (not more 
than size of shoe box), (vii) low-power, low-cost sensors required. 
 
SPECTRAL STATISTICAL INTERPOLATION ANALYSIS 
In spectral analysis the actual state of the atmosphere is represented by an 
expansion of a series of space dependent functions with time dependent 
coefficients.  The analysis procedure consists of determination of these 
coefficients, which make series expansion a best fit with the observed data. The 
meteorological data from various observing platforms from all over the globe is 
received at the regional telecommunication hub, New Delhi through the Global 
Telecommunication System (GTS).  The Spectral Statistical Interpolation (SSI) is 
a three-dimensional variational analysis scheme, here after called as SSI. The 
observation residuals are analyzed in spectral space on sigma surfaces, In the SSI 
scheme the objective function to be minimized is defined in terms of the 
deviations of the desired analysis from the first guess field (6hr forecast) and the 
observations, weighted by the inverse of the forecast and the observational error 
variances respectively. The objective function is based on the Parish (1992) 
concept of minimizing a cost function consisting of a cost function of mainly two 
parts as follows J= J ges + J obs, the two terms in J on the right hand side of this 
equation deal with the best fit of the first guess field and the observations with the 
analysis respectively.  The analysis variables are chosen to simplify background 
term, for speedy convergence and to include balance. The analysis variables can 
be transformed to model variables. The analysis variables in this scheme are 
vorticity  (ζ), fast or unbalanced part of divergence (D), temperature (T) and 
logarithm of surface pressure (ln Ps) and mixing ratio (ω).  
For this experiment the year 2001 data of various types viz SYNOP/SHIP, BUOY, 
TEMP, PILOT, AIREP, SATOB, INSAT, GMS, GOES, and METEOSAT are 
assimilated.  These observations falling within ± 3 hours of the respective hour of 
assimilation are being used in the corresponding hours of assimilation. Thus four 
times (00, 06, 12, 18 UTC) assimilation cycle is made.  Once the initial condition 
is prepared, the prediction equations are integrated and weather predictions are 
obtained. The impact of (i) PWV obtained from NOAA/TOVS, (ii) moisture 
obtained from INSAT, (iii) specific humidity from GMS with this SSI technique 
has been documented, in Rajan et al (2000, 2001, 2002a, 2002b).   
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ANALYSIS OF GPS OBSERVATION 
GPS/MET is one of the most cost-effective remote sensing systems tested 
recently at the National Oceanic and Atmospheric Administration (NOAA). Here 
the GPS/MET data has been obtained from the Chiba university website 
dbx.cr.chiba-u.jp. The primary results have been listed here.  
There are more than 980 reports available for each of the 3 hourly (00, 03, 06, 09, 
12, 15, 18, 21) observations in a day.  The reports are spread from 24. 06° N to 
45.4° N in the north south direction, and 122.94° E to 145.8° E in the east west 
direction. Each report has GPS meteorological parameters with a particular 
latitude, longitude, altitude and pressure level. This information is available in the 
pressure level from 1000 hPa to 800 hPa only.  The air temperature is attaining 
minimum value at 21 hrs rather than 00 hrs. The PWV variations are too large in 
this sample database. The mean monthly PWV average is 35 mm, with maximum 
of 84 mm, and minimum of 1.5 mm. The corresponding maximum Relative 
Humidity (RH) of 84 % is observed in the summer monsoon period. The RH 
reaches the maximum of 99.14 % with an average value of 76 % in the month of 
September. It seems that for the year 2001, September is wetter than earlier 
monsoon months. The earlier study indicates that GPS PWV estimates are 
accurate to a millimeter level and look very promising for use in NWP models.  
The statistical study about the diurnal variations of the PWV at the location 43°N, 
142°E shows in Fig-1. The PWV attains its maximum value at 15-18 hrs of a 
typical day 01 June 2001. The mean monthly moisture variable, specific humidity 
(q) is computed as 22 g/kg with standard variations of 6 g/kg for the month of 
August 2001. In August, the vertical distribution of GPS-PWV and SSI-PWV 
over Fuji Mountain in Japan is shown in the Fig –2. It is clearly seen that the GPS 
PWV has best fit with the SSI-PWV. The monthly distribution (June, July, 
August and September) of PWV over ‘Chiba’ is shown in the Fig-3. The 
geographical distribution of mean August month SSI-PWV is plotted in the Fig-4. 
From this, it is noted that the gradient over the latitude 40° to 45° N is much more 
than that over Japan’s land areas.   
This GEONET GPS station measures the delay that the ratio signal from GPS 
satellite suffers as it propagates through the atmosphere. When several satellites 
are seen from the stations, the delays are combined or ‘mapped’ into a zenith total 
delay (ZTD) (Niell, 1996). The largest part of ZTD is the ‘dry’ delay (90 %) due 
to the dry air gases; the remaining delay or ‘wet’ delay depends on the moisture 
content of atmosphere and is therefore highly variable. The average value of the 
ZTD is 2.65. The PWV can be derived from ZTD using an approximate formula 
that requires information on the pressure and temperature at the GPS station 
(Bevis et al., 1994).  They can be derived for high frequency and from a dense 
network, and are not affected by rain or cloud. In this sense any type of weather 
does not affect all GPS measurements at the time of observation. The 
disadvantage of having only one piece of information along the vertical can be 
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 alleviated with the aid of the data assimilation technique used in NWP.  It is seen 
that there is a small wet-bias in GPS data with respect to radio-sonde, SSI, and 
numerical model predictions. The azimuthal variations in slant-wet delay contain 
information on relative variations in water vapor.  
 
SUMMARY AND OUTLOOK 
Individual GEONET observation soundings when compared with radio-sondes, 
SSI analysis and prediction from numerical models, provide additional insight on 
the PWV component of monsoon studies over this East Asian region.  The present 
preliminary study shows better agreement of GEONET PWV over many locations. 
The location of the typhoon (# 11) on 20-22 August 2001 is very clearly brought 
out from GEONET-PWV observation associated with heavy rainfall observation 
over this region. The combination of GEONET, SSI’s PWV offers the possibility 
to understand new concepts on water vapor cycle in the atmosphere. In the current 
scenario, an altimetry space mission (TOPEX) is one of the first satellites to have 
a GPS receiver on-board. This study reported here will be extended to a 
GPS/MET long-term study for the period 1996 to 2002. 
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 Figure-1 
Diurnal variation of PWV 01 June
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Figure-2 
 
Monthly GPS PWV over Chiba
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Figure-3 
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                                                       Figure-4 
 
 
Table-1 
 
Year Event 
1988 The first workshop on GPS tropospheric delay 
1993 COntinuous Strain MOnitoring System (COSMOS) with 
 GPS and GSI- 110 sites 
1994 GEONET –partial service started 
1994 -october GPS Regional Array for Precise Surveying/physical earth service 
 GRAPES –210 sites 
1995-1997 GPS tomography experiment method 
1996-1997 Feasibility study of GPS/MET Japan 
1997-2000 GPS/MET Japan (First period) 
1999 GEONET-610 sites 
2000-2003 GPS/MET Japan (Second period) 
2003 International workshop on GPS meteorology 
2004 Today more than 1400 sites. 
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